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Introduction {#sec001}
============

Gall midges are flies of the family Cecidomyiidae, one of the largest families within the order of Diptera \[[@pone.0155616.ref001], [@pone.0155616.ref002]\]. Many gall midge species possess fascinating biological traits such as extraordinary ability to manipulate host plants \[[@pone.0155616.ref003]\], fast adaptation to host defenses (resistance) \[[@pone.0155616.ref004], [@pone.0155616.ref005]\], genomic imprinting, and extensive E-chromosome elimination \[[@pone.0155616.ref006]--[@pone.0155616.ref008]\]. A great portion of gall midge species are also economically important and cause significant damage to crops. A few examples of economically important gall midge species include the Asian rice gall midge *Orseolia oryzae* \[[@pone.0155616.ref003]\], the orange wheat blossom midge *Sitodiplosis mosellana* \[[@pone.0155616.ref009]\], the barley stem midge *Mayetiola hordei* \[[@pone.0155616.ref010]\], the saddle gall midge *Haplodiplosis margina* \[[@pone.0155616.ref011]\], the blueberry gall midge *Dasineura oxycoccana* \[[@pone.0155616.ref012]\], the honey locust pod gall midge *Dasineura gleditschiae* \[[@pone.0155616.ref013]\], and the citrus gall midge *Prodiplosis longifila* \[[@pone.0155616.ref014]\]. Despite their fascinating biology and great economic importance, the gall midges as a group are molecularly and genomically under-studied.

*Mayetiola destructor*, commonly known as the Hessian fly, is a member of the Cecidomyiidae family and a global destructive pest of wheat \[[@pone.0155616.ref008]\]. Because of its economic importance as an agricultural pest, the Hessian fly has been the most extensively studied pest at the molecular level, and is the only gall midge species whose genome has been sequenced \[[@pone.0155616.ref015]\]. Like other gall midge species, the Hessian fly has unique biological and genetic traits, including irreversibly manipulating host plants \[[@pone.0155616.ref016], [@pone.0155616.ref017]\], rapid biotype sweeps \[[@pone.0155616.ref018], [@pone.0155616.ref019]\], dramatic expansion and unconventional conservation of effector-type genes \[[@pone.0155616.ref015], [@pone.0155616.ref020]\], and dramatic expansion of microRNA-encoding genes \[[@pone.0155616.ref021]\]. The Hessian fly pest is currently controlled by three main approaches: 1) planting wheat late to avoid early infestation; 2) destroying volunteer wheat plants; and 3) deployment of resistant cultivars \[[@pone.0155616.ref003], [@pone.0155616.ref008]\]. Each tactic can be successful under certain conditions, but none of them can prevent Hessian fly damage, and wheat loss due to Hessian fly can still reach 5% of gross production annually \[[@pone.0155616.ref022]\].

One of the high throughput methods for global analysis of gene expression is the technology called RNA sequencing (RNA-Seq) \[[@pone.0155616.ref023], [@pone.0155616.ref024]\]. RNA-Seq has been used to analyze changes in gene expression at different stages of development or the same developmental stage under different environments of many insect species, including *Drosophila melanogaster* \[[@pone.0155616.ref025]\], *Aedes albopictus* \[[@pone.0155616.ref026], [@pone.0155616.ref027]\], *A*. *aegypti* \[[@pone.0155616.ref028]\], *Calanus finmarchicus* \[[@pone.0155616.ref029]\], *Adelphocoris suturalis* \[[@pone.0155616.ref030]\], *Coleomegilla maculata* \[[@pone.0155616.ref031]\], and *Meligethes aeneus* \[[@pone.0155616.ref032]\]. Like the highly studied *D*. *melanogaster*, Hessian fly has six different developmental stages including eggs, three instars of larvae, pupae, and adults; and each stage of Hessian fly has unique biology \[[@pone.0155616.ref007], [@pone.0155616.ref008]\]. Hessian fly larvae, the only feeding stage, live within wheat plants as parasites. The 1^st^ instar larvae (lasting for four days at 20°C) is the critical stage to manipulate host plants such as inhibiting wheat growth and inducing the formation of nutritive cells. Failure to manipulate host plants will result in the death of Hessian fly larvae. Early age of 1^st^ instar (fresh to 1-day larvae) is most active in secreting effectors for plant manipulation, whereas later age of 1^st^ instar (3 to 4-day larvae) is most active in secreting proteins that counteract plant defense \[[@pone.0155616.ref016], [@pone.0155616.ref033]\]. Hessian fly larvae at 1^st^ instar produce a large number of secreted salivary gland proteins (SSGPs). The specific functions of SSGPs in Hessian fly are not known, but are presumably injected into host plants, serving as effectors during plant manipulation \[[@pone.0155616.ref015], [@pone.0155616.ref020], [@pone.0155616.ref034], [@pone.0155616.ref035]\]. Hessian fly larvae transform from 1^st^ into 2^nd^ instar at day 5, and transform from 2^nd^ into 3^rd^ instar at day 10 under our experimental conditions. The objective of this study is to determine changes in gene expression between different ages of first instar larvae and during transitions between two successive developmental stages of Hessian fly via RNA-Seq. Such information should provide a foundation for further analysis to identify molecular mechanisms for the unique biological and genetic traits of Hessian fly, and to identify molecular targets that are suitable for developing more effective measures to control Hessian fly damage.

Results {#sec002}
=======

To understand the change in gene expression at different developmental stages, samples from multiple developmental stages, including larvae at 1, 3, 5, and 7 days, pupae, and adults, were subjected to mRNA sequencing (RNA-Seq) using the Illumina HiSeq2000 sequencing platform, of which three biological replicates were conducted. Read counts between the replicates are highly correlated (\>97% on average), indicating the repeatability is quite high. On average 33.5 million of 2x101 bp paired-end raw reads per sample, ranging from 26.2--41.4 millions, were obtained. The raw reads were subjected to adaptor and quality trimming using Trimmomatic \[[@pone.0155616.ref036]\]. On average, 95% clean reads were obtained after quality trimming and \~96.7% clean reads can be mapped to the reference genome, indicating that the sequence quality was good and contamination was low if any. The clean reads were then mapped to the Hessian fly draft genome sequence (Mdes20100623) via GSNAP, an intron-aware aligner \[[@pone.0155616.ref037]\]. As a result, on average 96.7% clean reads were mapped and 88.1% were uniquely mapped. These uniquely mapped reads were used for further read counting per gene for gene expression analyses.

Dramatic changes in up- and down-regulated genes between different developmental stages {#sec003}
---------------------------------------------------------------------------------------

A draft Hessian fly genome sequence and predicted gene models were used as reference sequences (<https://i5k.nal.usda.gov/Mayetiola_destructor>) \[[@pone.0155616.ref015]\]. A total of 17,344 genes were found to have the corresponding reads detected in the RNA-Seq samples from at least one of the developmental stages ([S1 Table](#pone.0155616.s003){ref-type="supplementary-material"}). The abundance of the reads per gene was then compared between two successive stages of the insect using an R package DESeq2 \[[@pone.0155616.ref038]\], namely, 3- versus 1-day larvae, 5- versus 3-day larvae, 7- versus 5-day larvae, pupae versus 7-day larvae, and adults versus pupae ([Table 1](#pone.0155616.t001){ref-type="table"} and [S2 Table](#pone.0155616.s004){ref-type="supplementary-material"}). Informative genes, genes remained after filtering those unlikely to be differentially expressed due to low read counts by using the default DESeq2 setting, in the comparison between these samples ranged from 16,275 to 17,133. Using the threshold of 5% false discovery rate, 8,479 (49.5%), 7,265 (44.4%), and 6,249 (38.4%) genes exhibited significant differences between samples from different larval stages, whereas 11,539 (67.7) and 10,414 (63.9) genes exhibited significant differences between samples from pupae and 7-day larvae, and between samples from adults and pupae. The total number of genes with significant difference in transcript levels was roughly equally (˂2% differences) distributed between up- and down-regulated genes among comparisons between two larval stages ([Table 1](#pone.0155616.t001){ref-type="table"}, [S1](#pone.0155616.s001){ref-type="supplementary-material"} and [S2](#pone.0155616.s002){ref-type="supplementary-material"} Figs). However, there were about 7% more genes down-regulated than up-regulated between the pupal and 7-day larval samples, and about 5% more genes up-regulated than down-regulated between the adult and pupal samples. In addition, the magnitudes of up- and down-regulation varied among different comparisons. For example, there were approximately twice as many genes up-regulated four or more times than those down-regulated between 3- versus 1-day larvae, 5- versus 3-day larvae, and adult versus pupae. In contrast, there were more than twice as many genes down-regulated four or more times compared with those up-regulated between pupal versus 7-day old larvae.

10.1371/journal.pone.0155616.t001

###### Total number (No) of informative (Inf.) genes, number of genes with significant (Sign.) change in expression when samples from two successive stages of Hessian fly were compared, and fold change of up- or down-regulation.

L, P, and A represent larvae, pupae and adults.

![](pone.0155616.t001){#pone.0155616.t001g}

  Comparison         Inf. genes   Sign. genes   Up-regulation   Down-regulation                                      
  ------------------ ------------ ------------- --------------- ----------------- ------ ------ ------ ------ ------ ------
  3- vs 1-day L No   17133        8479          4388            2416              767    1205   4091   2097   1471   523
  \%                 100          49.5          25.6            14.1              4.5    7.0    23.9   12.2   8.6    3.1
  5- vs 3-day L No   16351        7265          3721            1300              1074   1347   3544   2071   781    692
  \%                 100          44.4          22.8            8.0               6.7    8.2    21.6   12.7   4.8    4.2
  7- vs 5-day L No   16275        6249          3148            2307              662    179    3101   1562   1222   317
  \%                 100          38.4          19.3            14.2              4.1    1.1    19.1   9.6    7.5    1.9
  P vs 7-day L No    17053        11539         5188            2123              1807   1258   6351   1848   1522   2981
  \%                 100          67.7          30.4            12.4              10.6   7.4    37.2   10.8   8.9    17.5
  A vs P No          16292        10414         5536            712               1345   3479   4878   1237   1974   1667
  \%                 100          63.9          34.0            4.4               8.3    21.4   29.9   7.6    12.1   10.2

Classification of expressed genes {#sec004}
---------------------------------

To examine what type of genes were up- or down-regulated between samples from two successive developmental stages, the 17,344 informative genes were compared with sequences in Genbank using BLASTX. The BLASTX analysis revealed that 9,162 (52.8%) of the informative genes had matches with Genbank sequences with E-values equal or smaller than 1e^-30^. Among the 9,162 genes with Genbank matches, 5,554 (32.0% of the total informative genes) were with known functions according to the annotations in the database of the Universal Protein Resources (UniProt) \[[@pone.0155616.ref039]\] (<http://www.uniprot.org/uniprot/>). The 5,554 genes with functions known, or so called known genes, were divided into eight different functional categories according to their Gene Ontology (GO) terms \[[@pone.0155616.ref040]\] ([Table 2](#pone.0155616.t002){ref-type="table"} and [S3 Table](#pone.0155616.s005){ref-type="supplementary-material"}). The eight functional categories include 'nutrient (general) metabolism' (811 or 14.6%), 'reduction/oxidation (redox)/detoxification' (97 or 1.7%), 'structure and adhesion' (294 or 5.3%), 'RNA metabolism' (363 or 6.5%), 'protein metabolism' (835 or 15.1%), 'transport' (777 or 14.0%), 'regulatory proteins' (2,002 or 36.0%) and 'secreted salivary gland proteins (SSGPs)' (376 or 6.8%). Proteins encoded by SSGP genes in the Hessian fly genome are unique with no meaningful sequence similarity to known proteins in public databases \[[@pone.0155616.ref020]\]. SSGPs are likely injected into host tissues during feeding to manipulate host physiology, but specific functions for individual SSGPs are not known. Genes in each category were further classified into subcategories as shown in [Table 2](#pone.0155616.t002){ref-type="table"}.

10.1371/journal.pone.0155616.t002

###### Functional categories (bold) and subcategories of genes with known functions, and percentages of genes in each category and subcategory that were up- (U) or down-regulated (D) between two successive larval stages.

TD (Times of differences) represents the magnitude of difference between up- and down-regulated genes, and was calculated by dividing the bigger percentage with the smaller percentage in the same comparison. The symbol \'+\' indicates more up-regulated genes whereas the symbol \'-\' indicates more down-regulated genes.
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  Functional category and subcategory   No. of genes (%)   3- vs 1-day larvae   5- vs 3-day larvae   7- vs 5-day larvae                                                          
  ------------------------------------- ------------------ -------------------- -------------------- -------------------- ---------- ---------- ---------- ---------- ---------- ----------
  **Nutrient metabolism**               **811 (14.6)**     **13.4**             **34.2**             **+2.6**             **5**      **44.6**   **+8.9**   **7.5**    **41.5**   **+5.5**
   Carbohydrate                         145 (17.9)         7.6                  33.1                 +4.4                 4.8        48.3       +10.1      8.3        41.4       +5.0
   TCA cycle/energy                     117 (14.3)         5.1                  48.7                 +9.5                 1.7        47         +27.6      1.7        56.4       +33.2
   Lipid                                171 (21.1)         18.6                 25                   +1.3                 6.4        52.3       +8.2       14         33.1       +2.4
   Amino acid                           203 (25.0)         12.3                 36.8                 +3                   2          39.2       +19.6      3.9        41.7       +10.7
   Others                               176 (21.7)         19.9                 31.3                 +1.6                 9.7        38.6       +4.0       8.5        39.8       +4.7
  **Redox/detoxification**              **97 (1.7)**       **24.7**             **38.1**             **+1.5**             **6.2**    **36.1**   **+5.8**   **12.4**   **39.2**   **+3.2**
   Cytochrome P450s                     56 (57.7)          39.3                 25                   -1.6                 8.9        33.9       +3.8       14.3       42.9       +3.0
   Glutathione transferases             12 (12.4)          16.7                 58.3                 +3.5                 8.3        41.7       +5.0       8.3        25         +3.0
   Peroxidases                          11 (11.3)          0                    54.5                 +++                  0          45.5       +++        27.3       27.3       1
   Others                               18 (18.6)          0                    55.6                 +++                  0          33.3       +++        0          44.4       +++
  **Structure and adhesion**            **294 (5.3)**      **19.4**             **31**               **+1.6**             **10.2**   **32**     **+3.1**   **25.5**   **23.1**   **-1.1**
   Structural                           151 (51.4)         23.2                 32.5                 +1.4                 6          33.8       +5.6       16.6       34.4       +2.1
   Adhesion                             108 (36.7)         18.5                 29.6                 +1.6                 18.5       29.6       +1.6       38.9       10.2       -3.8
   Cuticle proteins                     13 (4.4)           0                    30.8                 +++                  0          53.8       +++        30.8       7.7        -4.0
   Others                               22 (7.5)           9.1                  27.3                 +3                   4.5        18.2       +4.0       18.2       18.2       1
  **RNA metabolism**                    **363 (6.3)**      **8**                **28.7**             **+3.6**             **14.3**   **8.8**    **-1.6**   **9.9**    **9.9**    **1**
   RNA helicases                        42 (11.6)          14.3                 26.2                 +1.8                 14.3       0          \-\--      14.3       4.8        -3
   RNA modification                     41 (11.3)          2.4                  22                   +9.2                 7.3        2.4        -3.0       0          7.3        +++
   RNA processing                       164 (45.2)         7.9                  24.4                 +3.1                 18.9       11.6       -1.6       14.6       7.9        -1.9
   Ribonucleases                        28 (7.7)           14.3                 17.9                 +1.3                 10.7       17.9       +1.7       0          17.9       +++
   tRNA synthesis                       48 (13.2)          2.1                  60.4                 +28.8                8.3        12.5       +1.5       0          22.9       +++
   RNA degradation                      17 (4.7)           5.9                  41.2                 +7.0                 5.9        5.9        +1.0       11.8       0          \-\--
   Others                               23 (6.3)           13                   13                   +1.0                 17.4       0          \-\--      17.4       8.7        -2.0
  **Protein metabolism**                **835 (15.0)**     **15.1**             **36.8**             **2.4**              **7.4**    **20.2**   **+2.7**   **7.8**    **30.8**   **+3.9**
   Ribosomal proteins                   95 (11.4)          1.1                  80                   +72.7                2.1        11.6       +5.5       0          52.6       +++
   Protein translation                  55 (6.6)           3.6                  52.7                 +14.6                3.6        7.3        +2.0       7.3        18.2       +2.5
   Folding/chaperones                   139 (16.6)         9.4                  42.4                 +4.5                 9.4        8.6        -1.1       2.2        24.5       +11.1
   Protein modification                 124 (14.9)         14.5                 27.4                 +1.9                 4          23.4       +5.9       5.6        36.3       +6.5
   Proteasome/ubiquilation              221 (26.5)         25.3                 26.2                 +1.0                 6.8        16.7       +2.5       6.8        28.5       +4.2
   Proteases                            173 (20.6)         17.3                 23.7                 +1.4                 12.7       35.3       +2.8       17.3       26         +1.5
   Protease inhibitor                   30 (3.5)           20                   36.7                 +1.8                 10         50         +5.0       20         36.7       +1.8
  **Transport**                         **777 (14.0)**     **20.7**             **25.4**             **+1.2**             **12.6**   **25.3**   **+2.0**   **15**     **29.4**   **+2.0**
   Retrograde                           21 (2.7)           19.1                 19                   1                    9.5        28.6       +3.0       14.3       28.6       +2.0
   Amino acid                           32 (4.1)           18.8                 12.5                 -1.5                 12.5       46.9       +3.8       9.4        34.4       +3.7
   Ion                                  188 (24.2)         30.3                 20.7                 -1.5                 19.2       26.6       +1.4       21.8       29.3       +1.3
   Sugar                                24 (3.1)           16.7                 12.5                 -1.3                 16.7       41.7       +2.5       16.7       45.8       +2.7
   Lipid/fatty acid                     36 (4.6)           22.2                 33.3                 +1.5                 11.1       52.8       +4.8       13.9       36.1       +2.6
   Protein                              187 (24.1)         12.3                 31                   +2.5                 4.8        16.6       +3.5       9.6        34.8       +3.6
   RNA                                  28 (3.6)           7.1                  42.9                 +6.0                 14.3       3.6        -4.0       14.3       7.1        -2.0
   Neuro-transmitter                    36 (4.6)           22.2                 8.3                  -2.7                 16.7       22.2       +1.3       19.4       19.4       1
   Others                               226 (29.0)         21.7                 27.9                 +1.3                 12.8       25.2       +2.0       14.2       26.1       +1.8
  **Regulatory proteins**               **2002 (36.0)**    **24.6**             **19**               **-1.3**             **29.4**   **16.5**   **-1.8**   **18.8**   **15.2**   **-1.2**
   Apoptosis                            35 (1.7)           22.9                 28.6                 +1.2                 8.6        28.6       +29.3      11.4       34.3       +3.0
   Cell cycle                           145 (7.2)          22.1                 30.3                 +1.4                 15.9       10.3       -1.5       25.5       14.5       -1.8
   Chromatin                            106 (5.3)          20.8                 15.1                 -1.4                 10.4       7.5        -1.4       7.5        20.8       +2.8
   Growth/development                   269 (13.4)         22.3                 19.3                 -1.2                 17.1       19.3       +1.1       24.5       14.5       -1.7
   Helicases/DNA repair                 65 (3.2)           12.3                 29.2                 +2.4                 20         4.6        -4.3       7.7        10.8       +1.4
   DNA replication                      36 (1.8)           5.6                  77.8                 +13.9                8.3        5.6        -1.5       30.6       5.6        -5.5
   Gene silencing                       23 (1.1)           13                   39.1                 +3.0                 8.7        26.1       +3.0       21.7       43.5       +2.0
   Immunity/defense                     38 (1.9)           18.4                 26.3                 +1.4                 7.9        23.7       +3.0       13.2       42.1       +3.2
   Nucleases                            45 (2.2)           8.9                  20                   +2.2                 2.2        15.6       +7.1       4.4        20         +4.5
   Sensory transduction                 49 (2.4)           36.7                 10.2                 -3.6                 26.5       12.2       -2.2       20.4       8.2        -2.5
   Signal transduction                  621 (31.0)         30.4                 16.4                 -1.9                 14.5       21.9       +1.5       20.8       17.1       -1.2
   Transcription                        527 (26.4)         26.4                 14.2                 -1.9                 16.7       13.5       -1.2       17.8       9.9        -1.8
   Others                               42 (2.1)           11.9                 2.4                  -5                   4.8        14.3       +3.0       2.4        9.5        +4.0
   **SSGPs**                            **376 (6.8)**      **8.8**              **84**               **+9.5**             **61.4**   **10.9**   **-5.6**   **38.8**   **5.1**    **-7.7**

Unbalanced changes between up- and down-regulation among functional gene-categories {#sec005}
-----------------------------------------------------------------------------------

Even though the total percentages of up- and down-regulated genes were roughly the same between samples from two successive developmental stages of the insect, further analysis of different categories of the genes with altered expression revealed dramatic differences among different gene types. As shown in [Fig 1](#pone.0155616.g001){ref-type="fig"}, the percentages of up-regulated genes were quite different from those of down-regulated genes in each category with only a couple of exceptions. For example, 34--48% of the 'nutrient metabolism' genes were up-regulated between samples from two successive larval stages, but only 5--14% of the 'nutrient metabolism' genes were down-regulated between these samples ([Fig 1A](#pone.0155616.g001){ref-type="fig"}). In contrast, over 50% of the 'nutrient metabolism' genes were down-regulated in pupae when it was compared with 7-day old larvae, yet only \~15% of the 'nutrient metabolism' genes were up-regulated when these two samples were compared. Another example is the dramatic difference between up- and down-regulated genes in the category 'SSGPs'. More than 80% of SSGP-encoding genes were up-regulated when 3-day old larvae were compared with 1-day old larvae. In contrast, less than 9% of the SSGP genes were down-regulated when these two samples were compared. Interestingly, \~60% of SSGP genes were down-regulated when 5-day old larvae were compared with 3-day old larvae, whereas less than 11% of the SSGP genes were up-regulated between these samples. Higher percentages of SSGP genes were further down-regulated as the insect aged into later developmental stages ([Fig 1H](#pone.0155616.g001){ref-type="fig"}). Unbalanced changes between up- and down-regulated genes were also observed in most other categories of genes when samples from two successive developmental stages of Hessian fly were compared ([Fig 1B to 1G](#pone.0155616.g001){ref-type="fig"}).

![Percentages of up- (red bars) and down-regulated (blue bars) genes between two successive stages of Hessian fly in eight different functional categories.\
'3 vs 1', '5 vs 3', '7 vs5', 'P vs 7', and 'A vs P' represent comparisons made between 3- versus 1-day larvae, 5- versus 3-day larvae, 7- versus 5-day larvae, pupae versus 7-day larvae, and adults versus pupae. The eight categories of genes were indicated on the top of each graph in the figure.](pone.0155616.g001){#pone.0155616.g001}

Genes with altered expression between two larval stages {#sec006}
-------------------------------------------------------

The genes with altered expression in each category were further classified into subcategories as described earlier. For 'nutrient metabolism', much greater percentages of genes in all subcategories were up-regulated than down-regulated between 3- versus 1-day old larvae, 5- versus 3-day old larvae, or 7- versus 5-day old larvae. Particularly for 'TCA cycle' and 'amino acid metabolism', up-regulated genes outnumbered down-regulated as much as 30 times. A similar situation was also observed in 'redox/detoxification', in which more genes were up-regulated than down-regulated in all subcategories, except for 'cytochrome P450s' between 3- versus 1-day larvae and 'peroxidases' between 7- versus 5-day old larvae.

For 'structure and adhesion', the situation was somehow different. For the subcategory 'structural components', higher percentages of up-regulated genes were observed among all comparisons between two larval stages. However, for the subcategories 'adhesion molecules' and 'cuticle proteins', higher percentages of up-regulated genes were only observed in comparisons between 3- versus 1-day larvae and 5- versus 3-day larvae. In contrast, down-regulated genes outnumbered up-regulated genes more than three times in the comparison between 7- versus 5-day larvae.

For 'RNA metabolism', genes in each subcategory behaved very differently in different comparisons. Between 3- versus 1-day larvae, higher percentages of up-regulated genes were observed in all subcategories except for 'others'. Particularly for genes in 'RNA modification', 'tRNA synthesis', and 'RNA degradation', up-regulated genes outnumbered down-regulated genes 7--29 times between 3- versus 1-day larvae. However, the situations were different and five of the seven subcategories had equal or more genes down-regulated between 5- versus 3-day larvae. The situation changed again in the comparison between 7- versus 5-day larvae, when four subcategories of genes had higher percentages of down-regulated genes and three sub-categories of genes had higher percentages of up-regulated genes. For 'protein metabolism', more genes were up-regulated in all subcategories among all comparisons except for 'protein folding/chaperones' between 5- versus 3-day larvae. It is particularly interesting to note that all ribosomal protein genes except for one were up-regulated when larvae aged from 1-day to 3-days.

For 'transport', higher percentages of down-regulated genes were found in the subcategories 'amino acid transport', 'ion transport', 'carbohydrate transport', and 'neuro-transmitter transport' between 3- versus 1-day larvae; whereas higher percentages of up-regulated genes were observed in the subcategories 'lipid/fatty acid transport', 'protein transport', 'RNA transport', and 'others' between these samples. However, higher percentages of up-regulated genes were observed in all subcategories except for 'RNA transport' when 5- versus 3-day larvae were compared. Higher percentages of up-regulated genes were observed in all subcategories except for 'RNA transport' and 'neuro-transmitter transport' when 7- versus 5-day larvae were compared. For 'regulatory proteins', genes in each subcategory showed a unique pattern among the three comparisons between different larval stages. For the subcategories 'apoptosis', 'gene silencing', 'immunity/defense', and 'nucleases', higher percentages of up-regulated genes were observed among all three larval stage comparisons. In contrast, for 'sensory transduction' and 'transcription', higher percentages of down-regulated genes were found among all three larval comparisons. For genes in other subcategories, inconsistent patterns were observed among these three larval comparisons.

For 'SSGPs', 84% genes were up-regulated and only 8.8% genes were down-regulated when comparison was made between 3- versus 1-day larvae. On the other hand, much higher percentages of down-regulated 'SSGP' genes were observed when comparisons were made between 5- versus 3-day old larvae, and between 7- versus 5-day larvae.

Genes with altered expression between two stages of morphogenesis {#sec007}
-----------------------------------------------------------------

The transition from larvae to pupae and from pupae to adults is defined as different stages of morphogenesis. The changes of gene expression between two stages of morphogenesis were remarkably different from those between two larval growth stages. For the genes in the category 'nutrient metabolism', much greater percentages (1.8 to 18.5 fold) of genes were down-regulated than those up-regulated in all subcategories between pupae versus 7-day old larvae ([Table 3](#pone.0155616.t003){ref-type="table"}). Particularly, 63.8% genes in the subcategory 'TCA cycle/energy' were down-regulated, whereas only 3.4% of the genes in this subcategory were up-regulated. This observation was opposite of what was observed in the comparisons between two larval stages. Activity of nutrient metabolism recovered somewhat in adults since there were slightly more up-regulated than down-regulated genes in all subcategories, except for the subcategory 'carbohydrate metabolism', when the samples from adults were compared with the samples from pupae.

10.1371/journal.pone.0155616.t003

###### Percentages of genes in each category (bold) and subcategory that were up- (U) or down-regulated (D) between samples from two successive stages of morphogenesis.

TD (Times of differences) represents the magnitude of difference between up- and down-regulated genes, and was calculated by dividing the bigger percentage with the smaller percentage in the same comparison. The symbol \'+\' indicates more up-regulated genes whereas the symbol \'-\' indicates more down-regulated genes.

![](pone.0155616.t003){#pone.0155616.t003g}

  Functional category and subcategory   No. of genes   Pupae vs 7-day larvae   Adults vs pupae                                    
  ------------------------------------- -------------- ----------------------- ----------------- ---------- ---------- ---------- ----------
  **Nutrient metabolism**               **811**        **47.7**                **16.4**          **-2.9**   **26.8**   **34.6**   **+1.3**
  Carbohydrate                          145            42.8                    14.5              -3.0       29.6       24.1       -1.2
  TCA cycle/energy                      116            63.8                    3.4               -18.5      16.4       31         +1.9
  Lipid                                 171            40.4                    22.8              -1.8       33.3       36.3       +1.1
  Amino acid                            203            52.7                    16.3              -3.2       24.6       41.4       +1.7
  Others                                176            42.6                    20.5              -2.1       27.3       36.4       +1.3
  **Redox/detoxification**              **97**         **38.1**                **27.8**          **-1.4**   **36.1**   **37.1**   **-1.0**
  Cytochrome P450s                      56             33.9                    37.5              +1.1       46.4       35.7       -1.3
  Glutathione transferases              12             33.3                    25                -1.3       16.7       50         +3.0
  Peroxidases                           11             54.5                    9.1               -6.0       36.4       18.2       -2.0
  Others                                18             44.4                    5.6               -7.9       16.7       44.4       +2.7
  **Structure and adhesion**            **294**        **20.7**                **48.6**          **+2.3**   **51.7**   **18**     **-2.9**
  Structural                            151            25.8                    43                +1.7       45.7       24.5       -1.9
  Adhesion                              108            12                      62                +5.2       58.3       12         -4.8
  Cuticle proteins                      13             15.4                    23.1              +1.7       61.5       7.7        -8.0
  Others                                22             31.8                    36.4              +1.1       54.5       9.2        -6.0
  **RNA metabolism**                    **363**        **58.4**                **14.6**          **-4.0**   **9.9**    **65.8**   **+6.6**
  RNA helicases                         42             50                      23.8              -2.1       9.5        64.3       +6.8
  RNA modification                      41             62                      9.8               -6.3       2.4        68.3       +28.5
  RNA processing                        164            53.7                    18.9              -2.8       12.8       65.9       +5.1
  Ribonucleases                         28             57.1                    10.7              -5.3       14.3       71.4       +5.0
  tRNA synthesis                        48             81.3                    0                 \-\--      6.3        54.2       +8.6
  RNA degradation                       17             58.8                    23.5              -2.5       11.8       70.6       +6.0
  Others                                23             56.5                    4.3               -13.0      4.4        78.3       +17.8
  **Protein metabolism**                **837**        **44.4**                **27.5**          **-1.6**   **25.5**   **39.5**   **+1.5**
  Ribosomal proteins                    95             92.6                    1.1               -88.0      34.7       42.1       +1.2
  Protein translation                   55             67.3                    9.1               -7.4       21.8       41.8       +1.9
  Folding/chaperones                    139            36.7                    27.3              -1.3       23.7       32.4       +1.4
  Protein modification                  124            43.5                    25                -1.7       24.2       43.5       +1.8
  Proteasome/ubiquilation               221            29.4                    43.4              +1.5       19         43.4       +2.3
  Proteases                             173            36.6                    28.5              -1.3       28.5       37.8       +1.3
  Protease inhibitor                    30             44.8                    34.5              -1.3       51.7       24.1       -2.1
  **Transport**                         **778**        **33.2**                **30.9**          **-1.1**   **25.9**   **38**     **+1.5**
  Retrograde                            21             33.3                    23.8              -1.4       19         47.6       +2.5
  Amino acid                            32             28.1                    34.3              +1.2       25         43.8       +1.8
  Ion                                   188            34.6                    27.1              -1.3       33.5       28.7       -1.2
  Sugar                                 24             62.5                    20.8              -3.0       16.7       50         +3.0
  Lipid/fatty acid                      36             19.4                    33.3              +1.7       41.7       25         -1.7
  Protein                               187            36.9                    32.6              -1.1       21.4       39         +1.8
  RNA                                   28             35.7                    32.1              -1.1       7.1        60.7       +8.5
  Neuro-transmitter                     36             13.9                    30.6              +2.2       25         47.2       +1.9
  Others                                226            31.6                    33.3              +1.1       24.9       39.6       +1.6
  **Regulatory proteins**               **2001**       **20.5**                **42.7**          **+2.1**   **24.2**   **42.4**   **+1.8**
  Apoptosis                             35             20                      48.6              +2.4       40         48.6       +1.2
  Cell cycle                            145            25.5                    32.4              +1.3       7.6        66.9       +8.8
  Chromatin                             106            21.7                    27.4              +1.3       14.2       58.5       +4.1
  Growth/development                    269            15.6                    56.1              +3.6       36.8       34.2       -1.1
  Helicases/DNA repair                  65             30.8                    33.8              +1.1       9.2        72.3       +7.9
  DNA replication                       36             61.1                    13.9              -4.4       5.6        88.9       +15.9
  Gene silencing                        23             17.4                    60.9              +3.5       30.4       21.7       -1.4
  Immunity/defense                      38             31.6                    36.8              +1.2       44.7       28.9       -1.5
  Nucleases                             45             40                      13.3              -3.0       17.8       31.1       +1.7
  Sensory transduction                  49             14.3                    32.7              +2.3       24.5       38.8       +1.6
  Signal transduction                   621            18.5                    49                +2.6       25.8       37.7       +1.5
  Transcription                         527            17.8                    42.2              +2.4       25.4       40.5       +1.6
  Others                                42             21.4                    16.7              -1.3       16.7       9.52       -1.6
  **SSGPs**                             **376**        **96.8**                **0.8**           **-121**   **34.9**   **4.3**    **-8.2**

For the genes in the category 'redox/detoxification', again more genes were down-regulated than up-regulated, except for the subcategory 'P450s', which had slightly less genes down-regulated than up-regulated, when 7-day old larvae were compared with pupae. During the transition from pupae to adults, more genes in the subcategories 'P450s' and 'peroxidases' were down-regulated than up-regulated. However, more genes were up-regulated in the subcategories 'glutathione transferases' and 'others'.

For the genes in the category 'structure and adhesion', higher percentages of genes were up-regulated than down-regulated in all subcategories when pupae were compared with 7-day old larvae. The opposite occurred, namely higher percentages of genes were down-regulated in all subcategories, when adults were compared with pupae.

For the genes in the category 'RNA metabolism', at least twice as many genes were down-regulated than up-regulated in all subcategories and at least 50% of the genes were down-regulated in each subcategory between samples from pupae versus samples from 7-day old larvae. In contrast, at least five times more genes were up-regulated than down-regulated in all subcategories, and at least 54% of genes were up-regulated in each subcategory when adults were compared with pupae.

Genes in the category 'protein metabolism' had higher percentages of genes down-regulated versus up-regulated in all subcategories between pupae and 7-day old larvae, except for the subcategory 'proteasome/ubiquilation', which had a slightly higher percentage of up-regulated genes between these two samples. Over 92% of the genes in the subcategory 'ribosomal proteins', and over 67% of the genes in the subcategory 'protein translation' were down-regulated during the larva-pupa transition, indicating protein synthesis was highly suppressed in pupae. Conversely, higher percentages of genes were up-regulated when samples from adults were compared with samples from pupae in all subcategories, except for the subcategory 'protease inhibitor', which had 2.1 times more down-regulated genes.

Genes in the category 'transport' had slightly higher percentages of genes down-regulated in the subcategories 'retrograde transport', 'ion transport', 'protein transport', and 'RNA transport'; and threefold more genes down-regulated versus up-regulated in the subcategory 'sugar transport' when the samples from pupae were compared with samples from 7-day old larvae. In contrast, a slightly higher percentage of genes were up-regulated for the subcategories 'amino acid transport' and 'others'. Also a moderately higher percentage of genes was up-regulated than down-regulated in the subcategories 'lipid/fatty acid transport', and more than twice as many genes were up-regulated in the subcategory 'neuro-transmitter transport' during the larva-pupa transition. In comparison, higher percentages of genes were up-regulated than down-regulated in all subcategories except for 'ion transport' and 'lipid/fatty acid transport', which had slightly higher percentages of genes down-regulated when samples from adults were compared with samples from pupae.

For genes in the category 'regulatory proteins', higher percentages of genes were up-regulated in the subcategories 'apoptosis', 'cell cycle', 'chromatin', 'growth/development', 'helicases/DNA repair', 'gene silencing', 'immunity/defense', 'sensory transduction', 'signal transduction', and 'transcription'; but higher percentages of genes were down-regulated in the subcategories 'DNA replication', 'nucleases', and 'others' when samples from pupae were compared with samples from 7-day larvae. During the transition of the insect from pupa to adult, higher percentages of genes were up-regulated than down-regulated in all subcategories except for 'growth/development', in which similar numbers of genes were either up-regulated or down-regulated; and the subcategories 'gene silencing', 'immunity/defense', and 'others', in which slightly higher percentages of genes were down-regulated.

Over 96% of genes encoding SSGPs were down-regulated during the transition of the insect from 7-day old larvae to pupae. During the transition of the insect from pupae to adults, 34.9% SSGP-encoding genes were further down-regulated compared with only 4.3% SSGP-encoding genes up-regulated.

Discussion {#sec008}
==========

Genome-wide analysis of gene expression generates large datasets, and because of that, most studies report results with whole datasets analyzed through various standardized methods such as GO categorization, Clusters of Orthologous Groups (COG), and Kyoto Encyclopedia of Genes and Genomes (KEGG) classification \[[@pone.0155616.ref025]--[@pone.0155616.ref032]\]. These types of analysis do provide very useful information on the overall pictures of changes in gene expression. However, these types of reports often do not provide readers much information on changes linked to specific biochemical pathways, for example, glycolysis or protein synthesis. In this study, we divided the whole sets of informative genes detected in Hessian fly into four groups: genes with no BLASTx match in Genbank, genes with matches to functionally unknown sequences, genes with matches to sequences with known functions, and genes encoding SSGPs. We then further classified the genes with known functions into different categories and subcategories according to their specific functions \[[@pone.0155616.ref039], [@pone.0155616.ref040]\]. Based on these functional classifications, we compared differences in gene expression of Hessian fly between two successive larval growth stages and stages of morphogenesis from larva to pupa and from pupa to adult. We found that the expression levels of 38--50% of genes were significantly altered between two successive larval stages, and that the expression levels of 63--68% genes were significantly changed between two stages of morphogenesis. In each comparison, the overall percentages of up-regulated genes were similar to those of down-regulated genes, even though the magnitudes of up- and down-regulation were different from comparison to comparison. However, when the genes in each functional category or subcategory were analyzed separately (based on the same whole dataset statistics), the percentages of up-regulated genes were remarkably different from the percentages of down-regulated genes among different gene categories or subcategories and between different developmental stages of the insect. This observation indicated that different physiological and biochemical pathways were shifted up or turned down during different developmental stages.

Changes in gene expression and pathways during larval development {#sec009}
-----------------------------------------------------------------

One of the remarkable common alterations in gene expression during larval growth stages was that up-regulated genes dramatically outnumbered down-regulated genes in the category 'nutrient metabolism' ([Table 2](#pone.0155616.t002){ref-type="table"}). As much as 10 times more metabolic genes were up-regulated versus down-regulated when comparisons were made between two successive larval stages. The up-regulation of 'nutrient metabolism' genes was across all different subcategories. Among them, up-regulated genes in 'TCA cycle/energy metabolism' outnumbered down-regulated genes the most, suggesting that nutrient metabolism increased steadily during all larval stages to provide energy and intermediates for larval growth and development.

Genes in categories other than 'nutrient metabolism' were regulated differently among different larval growth stages. During the 1--3 day larval stage, the up-regulation of nutrient metabolism pathways was apparently to enhance the overall activity of transcription and translation. Up-regulated genes in the category 'RNA metabolism' outnumbered down-regulated genes in all subcategories except for 'others', indicating that activity of RNA transcription and processing was enhanced during the 1--3 day larval period. The genes in the subcategory 'tRNA synthesis' outnumbered hugely down-regulated genes. The 'tRNA synthesis' genes included various tRNA synthetases or tRNA ligases, which are required for protein translation. The broad up-regulation of tRNA synthetase or ligase genes indicated that protein synthesis increased during this early larval stage. Consistent with this notion, up-regulated genes in the subcategories 'ribosomal proteins', 'protein translation' and 'protein folding/chaperones' also hugely outnumbered down-regulated genes. Ribosomal proteins, translation initiation factors, translation elongation factors, and chaperones for protein folding all participate directly in protein synthesis. The enhancement of transcription and translation activities during the 1--3 day larval period was further supported by the greater percentages of up-regulated than down-regulated genes of those involved in RNA and protein transport. The enhancement of the overall transcription and translation activity in the 1--3 day larval stage might provide the molecular basis for rapid larval growth \[[@pone.0155616.ref016]\].

It is essential for first instar larvae to suppress host defense, inhibit plant growth, and establish a permanent feeding site. Failure to achieve these will result in larval death \[[@pone.0155616.ref007], [@pone.0155616.ref008]\]. To manipulate host plants successfully, Hessian fly larvae inject effector proteins, namely various SSGPs, into host tissues \[[@pone.0155616.ref015], [@pone.0155616.ref020]\]. Genes encoding SSGPs were up-regulated broadly and specifically during the 1--3 larval period. In addition, up-regulated genes also outnumbered down-regulated genes in the categories 'redox/detoxification'. Specifically, genes encoding glutathione transferases, peroxidases, superoxide dismutases, and catalases were up-regulated. The up-regulation of redox enzymes might help larvae neutralize toxic reactive oxygen species produced by host plants as defense \[[@pone.0155616.ref033]\]. The promotion of cell division-based larval growth during the 1--3 larval period came from the following observations. First, up-regulated genes outnumbered down-regulated genes in the category 'structure and adhesion', indicating that more cytoskeleton components, adhesion molecules, cuticle proteins, and other structural proteins were produced. Second, more than 77% of 'DNA replication' genes were up-regulated, compared with less than 6% of down-regulated 'DNA replication' genes, indicating that cell division activity was enhanced during this larval period.

During the 3--5 day larval period, up-regulated genes encoding cellular structural components and adhesion molecules continued to significantly outnumber down-regulated genes, indicating that more structural proteins and adhesion molecules were produced to promote larval growth and development. However, more genes involved in cell division including cell cycle regulators, helicases/DNA repair, and DNA replication were down-regulated than up-regulated, indicating that cell division activity was down-regulated during the 3--5 day larval period. On the other hand, larval size continues to grow during this period \[[@pone.0155616.ref041]\], suggesting that larval growth might be mainly through the expansion of cell sizes. Other main differences in comparison with the 1--3 day larval period were that down-regulated genes were about equal or slightly outnumbered up-regulated genes in the category 'RNA metabolism', indicating that RNA synthesis and processing reached a plateau during this larval stage. Also for the genes in the category 'protein metabolism', instead of up-regulation of more genes involved in protein synthesis as observed in the 1--3 day larval period, up-regulated genes in the 3--5 day larval stage are mainly involved in protein modification and degradation. These results suggest that the rate of protein synthesis reached a plateau in the 3--5 day larval stage as well, whereas protein modification such as glycosilation and methylation was enhanced, which is consistent with the postulation that larval growth was achieved through cell expansion and differentiation rather than cell division. Many proteases including trypsins, chymtrypsins, cysteine proteases, and various carboxypeptidases play a role in food digestion in the midgut \[[@pone.0155616.ref042]--[@pone.0155616.ref045]\]. There are also a large number of protease inhibitors in the midgut, possibly serving as protection to inhibit the detrimental activity of ingested host proteases during feeding \[[@pone.0155616.ref046], [@pone.0155616.ref047]\]. The increased synthesis of digestive proteases and protective protease-inhibitors is consistent with the observation that five-day old larvae ingest the largest amount of host fluid \[[@pone.0155616.ref041]\].

In comparison with the promotion of larval feeding and growth during the 1--3 day and 3--5 day larval periods, a shift in gene expression during the 5--7 day larval stage was to prepare for the transition from larva to the non-feeding puparium and pupa. The major characteristics for the 5--7 day larval stage were that down-regulated genes significantly outnumbered up-regulated genes in 'adhesion molecules' and 'cuticle protein'. The overall down-regulation of adhesion molecules and cuticle proteins indicated that cell growth and expansion were ceased during this period under our experimental conditions, which was again consistent with phenotypic observation \[[@pone.0155616.ref041]\]. On the other hand, protein synthesis was enhanced during the 5--7 day larval stage based on the larger percentages of up-regulated genes in 'ribosomal protein', 'protein translation', 'folding/chaperone', 'tRNA synthesis', and 'protein transport'. The biological significance of the overall enhancement of nutrient metabolism, protein synthesis, and transport activity observed in the 5--7 day larval stage, however, was not as apparent as in other stages. Since larval growth appeared stopped in 7-day old larvae, it was likely that the energy and intermediates produced by enhanced nutrient metabolism and increased protein synthesis were used for a broad adjustment for preparation to transit to the next puparium stage. Consistent with this notion, genes encoding vitellogenins for nutrient storage were up-regulated ([S3D Table](#pone.0155616.s005){ref-type="supplementary-material"}). A much greater percentage of genes involved in the synthesis of amino acids and other nitrogen-containing compounds were also up-regulated, suggesting that the larvae were preparing nutrients for entering into next developmental stage.

Changes in gene expression and pathways during the larva/pupa transition {#sec010}
------------------------------------------------------------------------

The most obvious change in gene expression during the transition from 7-day larvae to pupae was the greater percentage of down-regulated genes in the categories 'nutrient metabolism', 'RNA metabolism', 'redox/detoxification', 'protein metabolism', and 'transport'. This observation is consistent with phenotypic observation that the pupal stage of insect species is a transition stage for morphogenesis with overall subdued metabolic activity. Interestingly, up-regulated genes significantly outnumbered down-regulated genes in the category 'structure and adhesion'. Since pupae do not grow, the overall up-regulation of genes encoding structural components suggested that a process of remaking of insect structures, namely conversion of larval structures into adult structures, underwent actively during this seemingly dormant stage. This process could involve in digestion of some larval structures and production of new structures suitable for cells in adults. The possibly increased digestion activity of larval structural proteins was suggested by the larger proportion of up-regulated genes in the subcategory 'proteasome/ubiquilation', which contain genes involved in proteasome-mediated protein degradation. The preparation for the transition to adult stage could also be seen because up-regulated genes outnumbered down-regulated genes in the subcategories 'neuro-transmitter' and 'sensory transduction', which are known to be enhanced in adult insects \[[@pone.0155616.ref048]\]

Changes in gene expression and pathways during pupa/adult transition {#sec011}
--------------------------------------------------------------------

During the transition from pupa to adult, energy metabolism and amino acid synthesis were partially restored as seen from the fact that up-regulated genes outnumbered down-regulated genes in 'TCA cycle/energy metabolism' and 'amino acid metabolism'. As expected, down-regulated genes significantly outnumbered up-regulated genes in the category 'structure and adhesion' since adults do not grow and eggs in adults are single cells, which may contain less of these types of structural proteins. The most remarkable change in gene expression during the pupa/adult transition was that up-regulated genes hugely outnumbered down-regulated genes in the category 'RNA metabolism', suggesting that transcription and RNA processing was enhanced in adults. Protein synthesis was enhanced too based on the fact that higher percentages of genes were up-regulated in the subcategories 'ribosomal proteins' and 'protein folding/chaperones' and 'protein transport'. The biological significance of enhanced transcription and translation remains to be determined. Hessian fly adults do not feed and do not grow. Eggs in Hessian fly are produced during the late pupal stage. Therefore, the enhanced transcription and translation were unlikely linked with adult growth or egg production. It is interesting to note that up-regulated genes outnumbered down-regulated genes in the subcategories 'cell cycle', 'chromatin', 'helicase/DNA repair', and 'DNA replication'. All these genes are involved in cell division. Since adult flies do not grow, it is likely that the enhanced activity of transcription and translation is to produce components for cell division inside eggs after they are fertilized.

In conclusion, this study systematically identified genes that are differentially expressed in different developmental stages of a gall midge insect that is an important pest of agriculture and a model system for studying plant---insect interaction. Functional identification of the differentially expressed genes provided an explanation, at the molecular level, to the physiologies observed phenotypically in different developmental stages of the insect. The availability of the comprehensive data sets of differentially expressed genes and their functions shall lay a ground for future research to either identify critical genes for practical applications or to reveal biochemical regulatory mechanisms. The dataset shall also be very useful for comparative research with other insect species.

Materials and Methods {#sec012}
=====================

Insect and sample collection {#sec013}
----------------------------

Hessian flies used in this study were biotype GP, derived from a colony collected in Scott County, Kansas, in 2005 \[[@pone.0155616.ref049]\]. A colony has been continuously maintained in the greenhouse on the susceptible wheat cultivar 'Karl 92' since that initial collection.

For sample collection, 20 wheat seeds were planted in 10-cm-diameter pots filled with PRO-MIX 'BX' potting mix (Hummert Inc., Earth City, MO) in a growth chamber programmed at 20:18°C (L:D) with a photoperiod of 14:10 (L:D) h. When wheat seedlings reached the 1.5 leaf stage (stage 11 on Zadoks scale), the plants were infested with 0.5 Hessian fly females per plant, on average, by confining the insects in a screened cage. It usually takes 4--5 days for eggs to hatch under this condition. The exact time for larvae to reach the feeding site was determined by dissecting plants to examine if larvae had reached the feeding site at the expected time period. When the first larva was found at the feeding site, that time was set at zero and larval age started counting from that time.

Larvae were collected at day 1, 3, 5, and 7, respectively, by dissecting plants to expose the insects. The dissected plants were soaked in a micro-centrifuge tube that contained water. Hessian fly larvae fell into the water. After enough insects were collected in the tube, water was removed and insects were frozen in liquid nitrogen for RNA extraction. Pupae were collected in the same way at approximately day 12, when body fluid of insects turned from white to red. Adult females were collected randomly from a flat, and these females were presumably mated since adult flies mate right after emergence.

Three independent biological replicates for each stage of insects were collected and analyzed.

Total RNA extraction and quantification {#sec014}
---------------------------------------

Total RNA was extracted using TRI reagent (Molecular Research Center Inc, Cincinnati, OH, U.S.A.), following the protocol provided by the manufacturer. RNA concentration was determined using a Nanodrop *ND-2000* spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE). Quality of the RNA samples was determined using an Agilent TapeStation Bioanalzer (Agilent Technologies, Palo Alto, CA).

RNA library construction and sequencing {#sec015}
---------------------------------------

RNA libraries were generated according to Illumina's sample preparation instructions (Illumina, San Diego, CA). Briefly, approximately 20 μg of total RNA from each sample was digested with DNase I (Sigma, St. Louis) to remove potential DNA contamination. mRNA was then purified by oligo(dT) magnetic beads and fragmented into 100--400 bp fragments. cDNA was produced from the RNA fragments using reverse transcriptase (Invitrogen, Carlsbad) with random hexamers as primers. An Agilent TapeStation Bioanalzer (Agilent Technologies, Palo Alto, CA) was used to qualify and quantify the libraries. Libraries were sequenced using an Illumina HiSeq2000 system (Illumina Inc. San Diego, CA).

Analysis of RNA-Seq data {#sec016}
------------------------

Raw RNA-Seq reads were subjected to adaptor and quality trimming using Trimmomatic (version 0.32) \[[@pone.0155616.ref035]\] and the resulting clean reads were aligned to the Hessian fly draft genome sequence (<http://agripestbase.org/hessianfly/>) using Genomic Short-read Nucleotide Alignment Program (GSNAP) \[[@pone.0155616.ref037]\]. The uniquely aligned reads were used to determine the read depth per annotated gene in each sample by an in-house Perl script. To test the null hypothesis that no difference in gene expression existed of each gene between two groups, the generalized linear model method, assuming negative binomial distribution of read counts implemented in the DESeq2 package (version 1.4.5), was used to compute a p-value for each gene \[[@pone.0155616.ref038]\]. The parameter of "Independentfiltering = yes" in DESeq2 was setup to filter genes that were unlikely to be differentially expressed. The genes survived from the filtering are called informative genes. A FDR (false discovery rate) approach was used to convert p-values to q-values to account for multiple tests \[[@pone.0155616.ref050]\]. Genes with q-values no larger than 5% were declared to be differentially expressed.

BLASTX to annotate transcripts {#sec017}
------------------------------

Sequences of a set of Hessian fly transcripts (N = 18,832) were used to search homologous hits in the GenBank non-redundant protein squence database (nr) using BLASTX. For each transcript, only the best hit with the E-value no larger than 1e-30 was reported.

Classification of genes according to their functions {#sec018}
----------------------------------------------------

Based on the Genbank search results, the gene-models with known functions were divided into eight different functional categories according to their GO terms (<http://www.uniprot.org/uniprot/>) \[[@pone.0155616.ref039]\]. The eight categories are 'nutrient metabolism', 'reduction/oxidation (redox) and detoxification', 'structure and adhesion', 'RNA metabolism', 'protein metabolism', 'transport', 'regulatory proteins' and 'SSGPs'. Each category was further divided into sub-categories, again based on their GO terms. The subcategories were described in the results section.

Accession no for RNAseq data {#sec019}
----------------------------

SAMN04943327, SAMN04943328, SAMN04943329, SAMN04943330, SAMN04943331, SAMN04943332, SAMN04943333, SAMN04943334, SAMN04943335, and SAMN04943336 (BioProject ID PRJNA320634).

Supporting Information {#sec020}
======================

###### Percentages of total up- (red bars) and down-regulated (blue bars) genes between samples from two successive stages of Hessian fly.

'3 vs 1', '5 vs 3', '7 vs5', 'P vs 7', and 'A vs P' represent comparisons made between 3- versus 1-day larvae, 5- versus 3-day larvae, 7- versus 5-day larvae, pupae versus 7-day larvae, and adults versus pupae.

(DOC)

###### 

Click here for additional data file.

###### Volcano plots of RNA-Seq comparisons.

The volcano plot compares gene expression between two neighboring stages. Negative log10 p-values (y-axis) from differential expression tests were plotted versus the log2 fold change for each gene. Each dot represents a gene. The horizontal dash line indicates the significant cutoff that was used to declare significantly differential expression. Blue and red highlight up- and down-regulations, respectively.

(PDF)

###### 

Click here for additional data file.

###### Total gene models that were found to have the corresponding transcripts detected in at least one of the RNAseq samples.

Gene identification number (GeneID), Chromosome (Chr), strand orientation (Ori), exon starting (Start) and ending (End) sites, Exon size, and transcrpt sequences were obtained from the Hessian fly genome database (<http://agripestbase.org/hessianfly/>).

(XLS)

###### 

Click here for additional data file.

###### Comparison of transcript abundance based on RNAseq data between two samples from successive developmental stages of Hessian fly.

Three biological replicates (rep) were conducted for each sample. RPKM represents Reads Per Kilobase per Million mapped reads. S2 contains five separate sub-Tables, from S2A to S2E as shown below. S2A: Comparison between 3-day versus 1-day larvae. S2B: Comparison between 5-day versus 3-day larvae. S2C: Comparison between 7-day versus 5-day larvae. S2D: Comparison between Pupae versus 7-day larvae. S2E: Comparison between adults versus pupae.

(XLSX)

###### 

Click here for additional data file.

###### Classification of informative gene models of Hessian fly into different categories and subcategories.

This table contains 11 sub-tables, each of which is shown in a different excel sheet in the same excel file. The sub-tables are as following: S3A: Classification of total informative gene models of Hessian fly into different categories and subcategories. S3B 3-1U: Classification of up-regulated genes when the samples from 3-day larvae compared with the samples from 1-day larvae. S3B 3-1D: Classification of down-regulated genes when the samples from 3-day larvae compared with the samples from 1-day larvae. S3C 5-3U: Classification of up-regulated genes when the samples from 5-day larvae compared with the samples from 3-day larvae. S3C 5-3D: Classification of down-regulated genes when the samples from 5-day larvae compared with the samples from 3-day larvae. S3D 7-5U: Classification of up-regulated genes when the samples from 7-day larvae compared with the samples from 5-day larvae. S3D 7-5D: Classification of down-regulated genes when the samples from 7-day larvae compared with the samples from 5-day larvae. S3E P-7U: Classification of up-regulated genes when the samples from pupae compared with the samples from 7-day larvae. S3E P-7D: Classification of down-regulated genes when the samples from pupae compared with the samples from 7-day larvae. S3F A-PU: Classification of up-regulated genes when the samples from adults compared with the samples from pupae. S3F A-PD: Classification of down-regulated genes when the samples from adults compared with the samples from pupae.

(XLSX)

###### 

Click here for additional data file.
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